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Abstract
A loading and cleaving study was performed on solid phase to determine the
optimal linkers and conditions for phenols, a key functional group in photographic
couplers. Fourteen different commercially available resins were analyzed. Of these,
ArgoGelWang CI was determined the best for loading and cleaving the model phenol
coupler. Yields of95% for both loading and cleaving were achieved as determined by
MAS Nanoprobe NMR and HPLC respectively. A few others gave great loading (90-
100%) such asMerrifield, Brominated Wang, Bromo PPOA, and TentaGel COOH,
however poor cleavage ability rendered these resins insufficient for phenols.
vu
Chapter 1: Introduction to Combinatorial Chemistry and
Solid Phase Organic Synthesis
Conventionally, organic compounds are individually synthesized and analyzed.
This task can be extremely tedious and time consuming, especially in a field such as the
drug industry where hundreds or thousands of compounds could be synthesized before
forming a product with the desired reactivity. In the eighties however, new theories and
practices were being developed to increase efficiency in organic synthesis. This gave rise
to the development ofCombinatorial Chemistry, which is redefining the scientific
method itself14.
"Molecular diversity is the differences in physical properties that exist among
different
molecules"15
Medicinal propertieswere among the first uses ofmolecular
diversity in biological materials. A wide variety ofmedicinal plants and microorganisms
have been identified and active components isolated for early drug use. Examples include
morphine for pain relief, quinine to prevent malaria, penicillin for bacterial infections,
and cortisone to reduce inflammation. However, with the growth of the chemical industry
in the late nineteenth and early twentieth centuries, a new source ofunnatural synthetic
compounds was provided for disease treatment. Antipyrene and aspirin to reduce fever
and pain, chloroform and ether to induce anesthesia, and salversan for treating syphilis
were products ofthese early efforts in drug
discovery15
The principles of screening and optimization ofdrugs, although refined over the
twentieth century, are fundamentally the same. Contemporary drug discovery begins with
specific biomolecular targets that are believed to have a key functionwithin the disease.
A large number ofcompounds either synthetic or natural can then be tested for reactivity
with the target molecules. Once lead compounds have been determined, they can
systematically be altered by changing functional groups in order to improve such
properties as potency, selectivity, oral bioavailabilty, and toxicity. Drugs such as Prozac,
Tagamet, Capoten, and Claritin have been developed in this
way15
The main drive now is to identify, optimize, develop and market new drugs more
quickly and cost effectively. Between 1976 and 1994, pharmaceutical research has
produced between 12 and 30 new drugs each year. The bottleneck ofdiscovery is not
1
with the number ofbiological targets available, but in the number ofdiverse chemical
compounds available for testing. Combinatorial synthesis along with high throughput
screeningmethods have significantly enhanced this limiting factor by providing
techniques where thousands of compounds can be synthesized together and subsequently
screened for
reactivity15
The rise in combinatorial chemistry sparked a growth ofautomated systems for
synthesis and screening. There are three main focuses in automation. First, automation
can allow for otherwise impossible functions such as delivering extremely small
quantities of liquids to precise locations. Second, the quality can be improved. By
automating a process, there ismore consistencywith less human error. Finally, the
automated systems are quicker and can be repeated over long periods of time. This allows
for around-the-clock
productivity15
Not only are improvements being made in instrumentation as far as automation is
concerned, but advances in traditional analytical techniques are being made as well. One
new method is direct-injectionNMR (DI-NMR), which incorporates anNMR flow probe
used in liquid chromatography-NMR (LC-NMR)14. A sample is injected into the probe
through an inlet tube by an automated liquid-handling instrument (Gilson model 215).
The flow is stopped and anNMR spectrum is obtained. The sample is then removed and
either returned to the original container, another container, or disposed of 14. This
technique allows for 1-D proton analysis of libraries in micro-titre plates or reaction vials
for combinatorial
chemistry14
Another new advancement in analytical technology is the nanoelectrosprayMS, a
silicon-chip-based microfabricated device. Miniature electrospray nozzles are etched into
the surface ofa silicon wafer. A fluid delivery device is on the backside of the silicon
chip, where liquid samples ofup to 100 nL are placed. The sample is sprayed or
dispensed through a channel and out the nozzle tips. These chips are designed to match
up with standard 96-, 384-, or
1,536-well microtiter plates. Samples can be distributed
with a robotic fluid-delivery probe that moves from well to well and can be directly
placed in an electrospray time-of-flight mass spectrometer for analysis14.
The expansion of combinatorial chemistry to include solid phase organic
synthesis has required new analytical tools as well. NMR analysis of 13C labeled
materials has been employed. In addition, lHNMR using magic angle techniques allows
for the direct analysis ofmaterials bound to solid phase resins. Finally, with advances in
FTIR, solid bound compounds can be analyzed on a single
bead15
Recent concepts in the field ofcombinatorial chemistry have grown to include
combinatorial animals, target-guided ligand assembly, fluorous mixtures, and
microencapsulation14
One application of combinatorial chemistry techniques is being
performed by Peter G. Schultz director ofthe Genomics Institute oftheNovartis
Research Foundation (GNF), San Diego, and chemistry professor at Scripps Research
Institute, La Jolla, California. He is planning on taking tens ofthousands ofmice and
mutating every gene in the mouse, one at a time. This will allow for screening ofdifferent
characteristics that were caused by the genetic changes14. A second application is the
target-guided ligand assembly, which allows for identification ofmolecules where leads
are not available or structural information is not useful in designing
compounds14
Another application is the purification of a reaction mixture by performing a solid-liquid
extractionwith fluorous silica gel14. Finally, microencapsulation in which a polymer is
used to envelop, support, and immobilize a reagent, is used to stabilize catalysts, allowing
for their complete recovery14.
Although it is estimated that only 10 to 20% ofchemists in the pharmaceutical
and agrochemical industries are actually using combinatorial chemistrymethods, it is still
on the rise. One company reported that they designed, synthesized, screened, and
analyzed 1 million compounds in one year as compared to the 560 samples per year that
is typically done by 2
scientists14
Another company reports that since 1995, they have
seen a 3- to 4-fold growth in new drug candidates with a 50% lower chemist requirement
per drug candidate and a 40% decrease in time spent for lead optimization14.
Combinatorial techniques may never replace traditional methods, but there are many
instances where these techniques show a great deal ofpromise14.
Combinatorial Chemistry
The goal ofCombinatorial Chemistry is to "simultaneously produce many
different products with defined
structures"
2. Conventional organic synthesis involves
reacting substrate Awith a second substrate B resulting in a single product, AB.
Combinatorial Chemistry, however begins with many different building blocks at once,
forming a large number ofproducts simultaneously. For example, substrate Amay have
10 building blocks (A! - Aio) which react with 10 building blocks of substrate B
(Bi-
Bio). The result is 100 unique products that would otherwise have been synthesized one
at a time (Figure 1)
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Figure 1; Combinatorial Synthesis.
The generation of libraries can be accomplished either through parallel synthesis
or combinatorial synthetic
methods1
With parallel methods, the number of synthesized
compounds remains the same throughout the procedure1. An example of the parallel
technique is demonstrated in Figure 2.
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Figure 2. Parallel synthesis of 9 trimers on solid support
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An array of9 trimers is simultaneously produced beginning with only 3 substrates A, B,
and C. Initially, each compound is added to 9 separate solid supports 3 times each. Once
this step is complete, the second step involves the addition ofeach compound A, B, and
C to the aforementioned resin-bound products. Finally, the third step involves the
addition of compound A to the set, resulting in an array of9 trimers1. This example is
shown as a solid phase reaction, however solution phase reactions can also be performed
via parallel techniques.
Multi-step techniques, on the other hand, can produce a library that grows
exponentially with the number of steps in the procedure (Figure 3) 2. For example, a
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Figure 3. Multi-step combinatorial synthesis.
An example ofhow combinatorial chemistrywas used to prepare a 14-member
library ofhighly stereoselective (E) and (Z)
- 3,3 - diaryl acrylic acid esters via parallel
synthesis is described below (Figure 4)12. Polyethylene glycol monomethyl ether 5000
5
(mPEG 5000) was used as a soluble polymer support to which
diethylphosphonoacetic
acid was esterified. (E)
- olefination of 1 with various aldehydes via a
Wadsworth-
Emmons reaction was accomplished with DBU and LiCl. Palladium catalyzed addition of
aryl and vinyl halides to the polymer-bound olefins was performed underHeck reaction
conditions, giving 4 a-n. These aryl acrylates were synthesized
in very good yields and
excellent stereoselectivity. In addition, the polymer-bound synthesis was
compared to the
solution phase synthesis by reacting isomerically pure (E)-2-methoxyphenyl acrylic
acid
methyl esterwith 4-iodo toluene under identical Heck conditions. It was found that the
polymer support synthesis increased stereoselectivity, giving a Z/E ratio of98/2 as
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The Z/E ratios refer to the Heck reaction only and are corrected by the Z/E ratios of the starting acrylic acids 2a-f. For >99/l,




Figure 4; Parallel synthesis ofhighly stereoselective sterically hindered (E) and (Z)-3,3-diaryl acrylic acid
esters utilizing mPEG 5000 as a soluble polymeric support
Solid Phase Organic Chemistry
Advances in combinatorial chemistry have led to the re-discovery of solid phase
organic synthesis (SPOS). First introduced in 1963 by R. B. Merrifield, solid phase
synthesis involved the attachment ofan amino acid to a solid polymer via covalent
bonding. This was followed by the stepwise addition of supplementary amino acids until
the desired sequence was accomplished. Finally, the product was removed from the resin,
generating a
peptide4
Pharmaceutical companies were the main contributors of re-pioneering SPOS in
conjunction with combinatorial chemistry. This technique provides a method for
numerous unique compounds to be synthesized simultaneously in milligram quantities.
Because they utilize high throughput screening techniques for biologically active
compounds, combinatorial chemistry/SPOS allows for the rapid production and screening
of drug candidates, thus greatly increasing productivity. More recently however, this
research has expanded to small organic compounds as well as peptide synthesis. Figure 5
shows a schematic of SPOS.













Figure 5. General scheme for SPOS. A Linker is covalently attached to the resin. The scaffold is then
loaded onto the bead almost always bound by an ester or amide bond. A series of reaction steps follow to
functionalize the scaffold. Finally the scaffold is cleaved from the resin/linker leaving the desired product.
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Resins for Solid Phase Synthesis
The polymeric support is the foundation to which the linker and scaffold are
attached. The polymer can exist in two forms, linear (soluble) or crosslinked. The linear
polymer can be dissolved in appropriate solvents where as the crosslinked polymer is
completely insoluble. There are advantages and disadvantages to both types and
consideration ofall the reaction variables needs to be considered before choosing an
appropriate resin2.
The main attractiveness of linear polymers is their solubility. Dilute solutions of
these polymers provide a homogenous mediumwhere access ofthe reagents to all the
functional groups on the support is made available. Once the reaction is complete,
recovery and separation ofthe polymer is accomplished by inducing precipitation by a
solvent change, and collection of the loaded resin by micro- or ultra-filtration, or by
thermal cycling2'3. Linear polymers offer the advantages of solution phase chemistry on a
solid support. Unfortunately, reactions can only be run in solvents that will dissolve the
polymer, which greatly limits the chemistry that can be performed. Furthermore, above
concentrations of~l-2 wt. %, the polymer coils begin to intertwine, making solutions
unpractically
viscous3
Cross-linked polymers are the second form of solid support. Their properties are
highly dependent on the degree of crosslinking and the method in which they are
prepared2
The most common example is polystyrene crosslinked with divinylbenzene
(DVB). When DVB is present during polymerization of styrene, it can bind to two
different strands ofpolymer effectively crosslinking the chains together3. Other
monomers that are useful for crosslinking are ethylene glycol dimethacrylate (EGDMA)
(ethane-1,2-diyl dimethacrylate), trimethylolpropane trimethacrylate (TRIM) [1,1,1-
tris(methacryloyloxymethyl)propane] and N,N-methylenebisacrylamide (MBA)3.
The two most common types ofcrosslinked polymers are gel and macroporous.
Gel polymers are generally produced via suspension polymerization with a vinyl
monomer and a crosslinking agent2'3. Crosslinking of resins for combinatorial use
typically ranges 0.5
- 2%. The pore size ofgel polymers is not well defined and is
inversely proportional to the amount ofcrosslinking2. Thus, the lower the degree of
crosslinking, the larger the pore sizes are. With the addition of
'good'
solvents, these
resins can swell until the elastic limit due to crosslinking is reached. Swelling creates
space allowing for reagents to migrate to the reactive sites easier. However, the lower
crosslinked resins are not as robust making them more susceptible to damage caused by
excessive handling2'3. On the other hand, highly crosslinked resins are physically
stronger, but may not swell enough for reagents to diffuse to the reactive sites, thus
decreasing reactivity.
Macroporous resins have a permanent well-developed porous structure . They are
also synthesized by suspension polymerization, using larger quantities ofcrosslinking
agent and solvent2. During the reaction, solvent droplets become engulfed by growing
polymer chains that later become the pores ofthe final resin after solvent removal. Unlike
gel polymers, this type does not need to be swollen in a solvent in order to make the
reactive sites available. The pores remain part ofthe permanent structure of the resin.
Because they do not need to be swollen in a
'good'
solvent, they are not as limited by
reaction conditions. However, a good solvent can swell the bead for better reactivity.
Disadvantages may include decreased reactivity in certain instances, lower number of
reactive sites, and less physical stability as compared to gel
polymers2'3
Structural
differences between gel and macroporous polymers can be seen in Figure 6.
Figure 6. A crosslinked gel polymer (left)- Amacroporous crosslinked polymer (right).
Several different types of resins are commercially available by such companies as
Novabiochem, Advanced ChemTech, and Argonaut. The resins are made available with
various bead sizes ranging from 20
- 400 mesh (850 - 38 urn ). In addition, the amount of
crosslinking is varied along with the equivalencies of reactive sites (to be discussed later).
As previously mentioned, polystyrene crosslinkedwithDVB is among the most
common types ofpolymer resins used. Often, polystyrene resins are grafted with
polyethylene glycol (PEG), which is terminally functionalized with a group, which is
used as a "linker". The tether places the linker farther from the polystyrene backbone
allowing formore solution-like conditions, which aids in both synthesis and analysis.
Examples of the PEG grafted polystyrene resin include such name brands asNova Syn
TG (byNovabiochem), TentaGel (by Advanced ChemTech), and ArgoGel (by
Argonaut). Additional resins byNovabiochem includeNovaGel and PEGA, a copolymer
ofbis 2-acrylamidoprop-l-yl polyethyleneglycolgoo - 2-acryl-amidoprop-l-yl[2-
aminoprop-l-yljpolyethyleneglycolgoo and dimethyl acrylamide3. Advanced ChemTech
has also patented a new resin, SPAR-501. It consists of a core ofpolyacrylamide and is
crosslinked with an alkyl diamine. Structures of the aforementioned resins are shown
below (Figure 7).
i J Polystyrene









Figure 7: Resin structures: (a) Polystyrene, (b) Polystyrene-PEG, (c) PEGA (d) NovaGel, (e) SPAR-50.
Linkers for Solid Phase Synthesis
Attached to the resin is a tether such as a bis-amine, which can be described as a
bifunctional protecting group. One end is bound to the polymer via a stable bond (alkyl
ethers, amides, or alkanes). Once connected, the other end is free to react with the
compound of interest. This bond is often more labile (silyl ethers, esters, carbamates, etc.)
to allow cleavage from the resin to occur once the synthesis is complete 6. With the wide
variety of linkers available, it is important to choose one that will readily react with the
type of substrate that is to be loaded. Furthermore, a linker is needed to form a stable
enough bond to the substrate so that reagents used during synthesiswon't prematurely
cleave the compound from the resin, yet is still able to be fully cleaved at the end ofthe
reaction.
Linkers are available with a number ofdifferent types of functional groups. The
most fundamental resin is the chloromethylated polystyrene, orMerrifield resin.
Originally used for peptide synthesis, this resin can also be used with carboxylic acids
and other nucleophilic substrates. Another popular linker is theWang resin, consisting of
a 4-hydroxybenzyl alcohol moiety bound to a polystyrene core. It's most commonly used
for acidic substrates and is linked to an electrophilic compound via nucleophilic
11
displacement by the benzylic alcohol. Amide/amine forming linkers such as Rink, Knorr,
and Pal resins are also available. Each of these resins contains a reactive amine site,
which is FMOC protected, requiring deprotection with piperidine before synthesis. In
addition, linkers can be functionalized with a number ofother compounds such as acyl,
trityl, and silyl
groups1


















Figure 8: Commercially avaUable linker structures: Rink, Carboxypolystyrene, Knorr, Dimethylsilyl
Polystyrene, PAL.
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Linkers can be divided into several different categories. The most common types
include acid labile, base labile, photolabile, traceless linkers, cyclative cleavage, safety
catch linkers and scavenger resins. Acid labile linkers are typically cleaved with volatile
acids such as HF or TFA. This allows for easy removal ofany excess acid by
evaporation. The reactivity of the acid labile linkers is highly dependent on the stability
ofthe cation formed; the more stable the cation formed, the more labile the linker is to
acid7. Examples of such linkers are theMerrifield andWang resins.
The second type of linker includes those that are base labile. Most typically, this
type of resin, usually an ester, is cleaved via nucleophilic addition / elimination. Cleavage
can also occur using a base catalyzed reaction, such as elimination or cyclization, but is
much less common. The loaded resins can be treated withNaOH solution, resulting in the
salt of the carboxylic acid. It can also be reacted with NaOCH? in CH3OH to give the
methyl carboxylic ester. Finally, an unhindered amine, such as methylamine can react to
form the amide (Figure 9A)7. A true base cleavage occurs via Hofmann elimination ofa
tertiary amine linker (Figure 9B). Reactivity of the former are based on the strength ofthe





















Figure 9: (A) Base cleavage via nucleophilic reactions (B) Cleavage viaHofmann elimination.
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Although not as common as the acid and base labile linkers, a third photolabile
linker type can be used. The most common structure incorporates a nitrobenzyl moiety,
which upon irradiationwith UV light, can cleave the substrate from the resin7. Below are
two examples ofphotolabile linkers, BrominatedWang and ANP resins (Figure 10)1. The
BrominatedWang resin can be used for cleaving carboxylic acids or phenols, where as







Figure 10: Structures ofBrominatedWang andANP resins.
Often, upon cleavage, the functional group (or a derivative thereof) will cleave
from the resin as well, remaining attached to the substrate. In some cases, this is not
desirable, thus the use of traceless
linkers7
This type of linker does not leave behind a
resin residue. The most common form is the aryl silyl linkers used to load aromatic
molecules (Figure 11).
V
Figure 11: An example ofa traceless linker.
Linkers that allow for intramolecular reaction to occur, which in turn cleaves the
substrate from the resin is known as a cyclative cleavage resin. This type of cleavage is
best shown by attack ofa nucleophile, such as an amine, onto an ester linker, giving rise
to a lactam7. An example ofcyclic cleavage is given in Figure 12. One advantage to this
14
type of cleavage is an increase in product purity. Only molecules containing the
nucleophile will undergo cleavage, thus any side reactions that may have occurred during
synthesis will not be seen in the final product. In the example below, only the urea (b)
will react upon addition ofDffiA. Any resin that did not first react with the isocyanate
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Figure 12: An example of cyclative cleavage from a resin to form a hydantoin.
Safety catch linkers are another type, which require two steps for cleavage. First,
the tether needs to be activated; the actual cleavage occurs in the second step (Figure
13)7. An advantage ofthis type of linker is that it is stable towards a range of conditions
until activated. Ifreagents similar to those for cleavage are needed during the coarse of
the reaction, cleavagewon't occur until the resin is activated. Furthermore, the actual
cleavage conditions are relatively mild. Unfortunately, the conditions for activation are
generally harsh. Therefore, the product being cleaved needs to be stable towards both








R,= CH, , CH,N
Figure 13: Kenner's safety catch Linker. It is first activated by alkylating the nitrogenwith either
diazomethane or iodoacetonitrile. It is then cleaved under nucleophilic conditions.
15
Finally, resins known as Scavenger resins can be used in solution chemistry to
help remove impurities or by-products. The resin can bind to the by-products in the
reaction and be subsequently removed by filtration. The removal ofwater, generated
acid, excess base, excess electrophiles or excess nucleophiles is possible. Some examples
include Carboxypolystyrene (base scavenger), Aminomethyl resin (acid or electrophile









Figure 14: Strucutres of Scavenger resins: (A) Carboxypolystyrene, (B) Aminomethyl Polysytrene, (C)
Formyl Polystyrene
Advantages and Disadvantages ofSolid Phase Synthesis
Synthesis on a solid support has both advantages and disadvantages as compared
to synthesis in the solution phase. One advantage is that reagents can be used in excess in
order to drive a reaction to completion. The actual number ofactive sites available are
extremely small, ranging from 0.3
- 1.5 mmol per gram of resin. By using, for example
5-fold excess of reagents, the chances of reacting all the linker sites are improved.
Furthermore, with the desired compound bound to the resin, the unreacted reagents can
simply be washed and filtered away from the beads, thus eliminating complicated work
ups and purification steps. In addition, complete automation can be employed further
increasing productivity. On the other hand, techniques for organic compounds outside of
peptide synthesis are not as well developed, therefore extra time and effort may be
necessary in formulating procedures. Another disadvantage is that two additional
synthetic steps are required for linking and cleaving to and from the solid support that are
not necessary in solution chemistry. Third, the reaction conditions are limited to the
stability ofthe bond between the
linker and the substrate. Finally, analytical methods are
not well developed for analyzing compounds on solid supports2.
16
AnalyticalMethods
One of the main hurdles of SPOS is the analytical tools available for analysis.
Traditional spectroscopic tools can be used, but only after the compound has been
cleaved from the resin. The difficulties lie in analyzing compounds still attached to the
beads.
Using conventional NMR for resin bound material gives very broad unresolved
lines for several reasons. One is the rigidity of the complex does not allow the dipolar
coupling to average out. Simply swelling the sample beads in solvent can help to
diminish this effect by making the sample more solution-like. The spectral peaks of the
polymer are still quite broad, but the attached organic compound can be semi-solvated in
the solvent. This provides the organic compound with enough molecular motion, which
results in narrower line-widths. Despite this improvement, the spectra are still not fully
resolved. A second factor influencing resolution is the magnetic-susceptibility interfaces
in the probe. Finally, magnetic susceptibility differences within the sample contribute to
line broadening. Resins swollen in solvent are actually heterogeneous mixtures
containing mobile free solvent, rigid nonsoluble polymer supports and intermediate
organic compounds that are attached to the resin, but are somewhat solvated in solution.
The magnetic-susceptibilities of each of these regions are potentially different which can
affect the resonance frequencies ofnearby nuclei. This causes a distribution of chemical
shifts and results in line broadening of the spectra7.
Magic Angle Spinning (MAS) NMR has been developed to help supress peak
broadening caused by dipolar couplings. This is accomplished by the use ofa high
resolutionMAS probe called theNano - nmr probe. The sample is spun about the magic
angle of
54.7
relative to the static magnetic field. By rapid spinning of the sample at this
angle, an average of the dipolar couplings is used, thus significantly reducing linewidths
(Figure 15)7. In addition, imperfections of the sample container can cause magnetic
susceptibilities problems. Conventional probes correct this problem by using a sample
tube that acts as an infinitely long container and can be easily shimmed to produce
narrow line-widths. As a result, approximately one-third ofthe sample is actually in the
active region of the receiver coil. This is not a concern ifplenty of sample is available,
but becomes a problem with the
small- scale samples produced by SPOS. However, the
17
Nano-nmr probe places 100% of the sample in the receiver coil thus eliminating all
discontinuities both in and around the sample with only micro amounts of compound
needed. Furthermore, magnetic susceptibility differences are minimized with the smaller
sample resulting in resolved
spectra7
Figure 15: A schematic of the Nano-nmr probe.
A comparison of resin bound material on a conventional high resolution ~H probe,
CP/MAS probe, and a ~HNano
- NMR probe is shown (Figure
16)7
The spectra is ofN -
FMOC - L - aspartic acid - P (t-butyl) ester attached to aWang resin.
The conventional liquid probe gives a very broad spectrum with poor resolution
(Figure 16a), which is essentially useless. However, by using theMAS nano-probe where
MAS and susceptibility matching are combined, the spectrum is greatly resolved (Figure
16c) and distinctive peaks can be seen to characterize the structure.
Quantitative loading information can be determined withNMR by comparing
spectra ofthe bead before and after reaction. Chemical shifts occur in nuclei near the
reactive site when a substrate is loaded versus unloaded. The peak that undergoes the
chemical shift is integrated and a ratio ofreacted vs. unreacted resin can indicate loading
within a few percent.
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Figure 16: :H spectra ofN - FMOC - L - asparrJc acid - p (t-butyl) ester attached to aWang resin on a (a)
conventional 5 mm liquid *H probe (nonspinning) (b) 5 mm CP/MAS probe (8 scans, 3.8 KHz
spin rate) and a (c) *HNano-NMR probe (8 scans, 2 KHz spin rate).
ATR (Attenuated Total Reflectance) FT1R is also a useful tool when analyzing
resin-bound organic compounds. When a beam of radiation passes from a denser (higher
refractive index) to a less dense (lower refractive index) medium, reflection occurs. The
sample is placed on a high-refractive-index crystal, typically zinc selenide, thallium
bromide-thallium iodide, or germanium. The IR beam is reflected through the crystal,
striking the sample. The beam penetrates the surface a few micrometers before reflection
occurs (Figure 17). This penetration reduces, or attenuates, the intensity of radiation in
regions ofthe IR spectrum where the sample absorbs and thus a spectrum resembling





Figure 17: Schematic ofmultiple internal reflection effect in ATR
Appearance or disappearance of functional groups on building blocks or
protecting groups can be followed using
ATR-FTIR8
One advantage ofusing this
technique is that the functional group does not need to be directly involved in the reaction
in order to be traced. Another is that analysis on a single bead can be performed.
Furthermore, no sample preparation is necessary. Finally, both qualitative and
quantitative (percentage of conversion) information can be obtained. This method does
have some limitations however. Not all reaction steps contain functional group
transformations and therefore cannot be followed using this technique. Secondly, some
peaks of interest can be extremely small, which makes quantification difficult.
An example ofhow a reaction can be followed analytically while attached to the
solid support is demonstrated by Luo, et. al10. This five-step reaction sequence is initially
followed using FTTR. A spectrum ofthe hydroxymethyl polystyrene resin was acquired
(Figure 18A). The first step of the reaction
(1> 2 ) is loading the acryloyl chloride onto
the resin, forming an acrylate. The appearance ofthe carbonyl stretch at 1725
cm"1
and
the alkene stretch at 1405
cm"1
confirms loading. In addition, the OH stretch has
completely disappeared, indicating 100% reaction. The second step involvesMichael
addition of the acrylate 2 with butanamine to form 3. Confirmation of this reaction is
identified by the disappearance of the alkene stretch and the appearance oftheN-H
stretch at 3325
cm"1
(Figure 18C). The third step is the reductive arnination ofphenyl
aldehyde to form a trisubstituted amine 4 (Figure 18D). This spectrum shows a shift of
the carbonyl peak, which is consistent with the addition of the electron withdrawing
benzyl group. However, not much information can be deduced from this spectrum.
Likewise, spectrum 18E shows no indication ofthe alkylating reaction of the allylic
bromide to the trisubstituted amine forming the tetrasubstitued amine salt 5. Finally,
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Hoffmann elimination cleaves the benzyl group in addition to cleaving the
allylic
trisubstituted amine 7 from the resin, eliminating the need ofa final cleavage
reaction
step. The appearance of the alkene stretch at 1405
cm"1
(Figure 18F) confirmed the
reformation ofthe acrylate
610
The aforementioned reaction was also followed usingMAS NMR. The first
spectrum in Figure 19A is of the hydroxymethyl polystyrene resin. The broad peaks at
6.5-7 and 1.5-2 ppm are due to the aromatic and aliphatic protons ofthe polystyrene
backbone respectively. Spectrum B supports the presence of the acrylate bound to the
resin 2 with the appearance ofpeaks at 5.8, 6.4 and 6.8 ppm due to the vinyl protons. The
Michael addition ofbutanamine to the resin-bound acrylate 3 is confirmed in Figure 19C
with the disappearance of the peaks due to the vinyl protons and the appearance of the
aliphatic peaks upfield at 0.9 - 2.8 ppm. The appearance of aromatic protons in spectrum
D verifies the presence of the benzyl ring in the formation ofthe trisubstituted amine 4
along with the benzylic methylene at 3.6 ppm. Spectrum E represents the resin-bound
tetrasubstituted amino salt 5, which was produced by the addition ofallylic bromide to 4.
Appearance ofpeaks at 4.3, 5.5, 5.75, and 6 ppm are due to the allylic protons. In
addition, the aliphatic protons along with the benzylic methylene proton are shifted due to
the substitution on the nitrogen. Finally, Hoffman elimination to reform the acrylate 6 is
indicated by the reappearance ofthe vinyl protons at 5.8, 6.4, and 6.8 ppm. However, the
spectrum also shows that there is some residual trisubstituted amine left due to peaks
remaining in the aliphatic region10.
This experiment proved that a solid phase reaction could be followed analytically
usingNMR and FTIR. However, individually, each technique has it flaws. For instance,
spectra for the reduction arnination and alkylation steps could not be interpreted using IR
alone. However, NMR spectra for these steps were easily identifiable. Where NMR
becomes complicated is when peaks start to overlap with one another such as the
aliphatic protons at 0.5 - 2 ppm in spectrum E, making identification difficult.
Nevertheless, whenNMR and FTIR are used in conjunctionwith one another, a full
reaction sequence can be accurately followed, making these viable techniques in
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This research project was designed to be a loading and cleavage study for
phenols, a key functional group in photographic couplers. When producing a library to
screen for reactivity, yield is not as important as identifying active compounds. However,
optimizing the loading and cleaving process is especially important when using solid
phase chemistry to synthesize single pure compounds. First of all, the more sites that are
loaded increase the percent yield of the desired compound. Secondly, the purity of the
reaction is greater. Functional groups on the bead that remain unloaded with the desired
compound can later react with other reagents, which can introduce impurities in the final
sample. Once the substrate is loaded and the final compound is synthesized, ideal
cleavage conditions are necessary to remove the entire sample for maximum yield
without destroying the resin itselfor the compound. Robust links between the resin and
the phenol are favored as well as facile cleavage of the links when desired. Unfortunately,
both properties are often difficult to obtain in the same chemical link.
The model coupler initially studied was an o-amide phenol. Solution synthesis of
the phenol was accomplished by reacting o- aminophenol to benzoyl chloride (Figure











Figure 20: Solution synthesis ofPhenol (I), a model ofa photographic coupler.
resins through the phenolic hydroxyl group. Various functional groups such alkyl,
hydroxy, carboxyl, trityl, silyl, isocyano, and isothiocyano were attempted in order to
determine which gave the best loading and cleaving results for this type of compound.
Table 1 lists the resins used in this study (structures can be seen in Tables 2 and 6).
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Table 1: Resins Used
Resin Substitution (nonol/g) Mesh size Crosslinking Vendor
BrominatedWang CI 1.4 100-200 1% DVB Advanced Chemtech
Bromo PPOA 0.6 200-400 2% DVB Novabiochem
ArgoGel Wang CI 0.39 170 urn 1%DVB Areonaut
Merrifield ~2 NA NA EastmanKodak Co.
TentaGel S COOH 0.3 90iun 1% DVB Advanced Chemtech
NovaSynTGA 0.23 90um NA Novabiochem
TentaGel S AC 0.3 90 urn 1% DVB Advanced Chemtech
HMPA-PEGA 0.4 (dry resin)/ 0.6 (wet resin) 50-100mesh none Novabiochem
Trityl Chloride 2.2 100-200mesh 1% DVB Advanced Chemtech
Methoxy Trityl Resin 1.7 200-400 mesh 1%DVB Advanced Chemtech
Methylisocyanate 1.19 200-400 mesh 2% DVB Novabiochem
Methylisothiocyanate 2.65 200-400 mesh 2%DVB Novabiochem
Dimethylsilyl polystyrene 2.19 100-200 mesh 1% DVB Novabiochem
Carboxypolystyrene 2 100-200 mesh 1%DVB Advanced Chemtech
During the course of this study, it was necessary to look at a few additional
phenols for various reasons that will be discussed later. The structures of these phenols
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Figure 21: Structures of additional phenols used.
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Chapter 2: Loading Results
Loadine ofMerrifield. ArgoGel Wane CI Brominated Wans. andBromo PPOA
Of the 14 different resins that were investigated, the alkylating linkers (ArgoGel
Wang CI, BrominatedWang, Bromo PPOA andMerrifield) provided the best loading of
phenol (I). With only a couple exceptions, most reactions were loaded between 90 and
100%. Generally speaking, loading reactions for all the resins were run overnight, unless
otherwise stated. The samples were analyzed qualitatively by ATR-FTIR. Spectra of the
unreacted vs. reacted resins were compared. The appearance oftwo peaks from the
addition ofthe amide group was the best indication that loading had occurred.
Absorbances for the amide arose at 1515 and 1675
cm"1
for reacted ArgoGelWang CI,
1523 and 1719
cm"1







NMR spectra, using a 500MHz spectrometer and a nanoprobe ofunloaded vs.
loaded resins provided quantitative loading information. Peaks that undergo a chemical
shift upon loading were targeted. For instance, in Figure 22, a spectrum ofunreacted
ArgoGelWang CI resin has a peak at 4.51 ppm due to the 2 benzylic protons attached to
the chlorine atom. Displacement ofthe CI by phenol (I) causes a change in chemical shift
from 4.51 to 5.2 ppm. Because both these peaks integrate to the same number ofprotons,
a direct comparison can be made. Using SpecManager 4.0, only these two peaks are
highlighted and the integration is set to 100. If the loaded peak at 5.2 ppm integrates to
95, the other unloaded peak at 4.51 ppm integrates to 5. Furthermore, the presence of the
aromatic signals greater than 7.5 ppm was due to loaded phenol. Thus, phenol (I) is
determined to be 95% loaded. Generally speaking, this procedure was followed for
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quantitative information on all the resins; however, the ArgoGelWang CI resin was one
of the easier ones to analyze for two reasons. First, the PEG unit increases the mobility of
the linker, producing spectrawith sharp peaks that are easily integrated. Secondly, the
peak of interest is in an isolated region, which eliminates complications from overlapping
peaks.
ArgoGelWang CI with Phenol (I)
Loaded nwtttylwn
Unlosded rrrathytoi >
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Tenta Gel S COOH
HOBt, DIC, DMAP
DMF
Loading results on the TentaGel COOH resin varied from 20% to 100%, due to
the sensitive dependence of the reaction towards the concentration of reagents. The initial
results showed approximately 50% loading using 3 equivalents ofall the reagents and a
catalytic amount ofDMAP. These same conditions were applied to a second reaction,
except for a longer period of time (5 days). Some loading was evident, but no quantitative
informationwas able to be determined. A third experiment involved using HOBt as a
catalyst and 3 equivalents ofDMAP for 5 days. This gave approximately 65% loading of
the phenol to the resin. Finally, using conditions discussed in the experimental section,
100% loading was observed. It has been determined that the reaction is extremely
sensitive to the amount ofDMAP present in the reaction. Using a
"catalytic"
amount may
have still been too much; it was necessary to be exact in using 50 ul ofa 0. 1 M solution
ofDMAP in DMF formaximum loading to occur.
Loadine ofNovaSvn TGA. TentaGelS. andHMPA-PEGA
Nova Syn TGA
^
- Q-[ PEG I^^NH
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Resins that load usingMtsunobu conditions such as NovaSyn TGA TentaGel S,
and HMPA-PEGA were not as successful. The hydroxy group ofthe resin is activated
with the addition of friphenylphosphine (PPh3) and diethylazodicarboxylate. With the
positively charged PPh3 bonded to the linker, the resin is now available for nucleophilic
attack by the phenol, displacing OPPh3. The NovaSyn TGA resin was estimated to be
50% loaded via this reaction. However, a spectrum ofthe unloaded resin before reaction
was not clean. Theoretically, there should be 3 singlet methylene peaks - one for the
methylene attached to the alcohol, one for the methylene next to the carbonyl of the
amide, and one for themethylene attached to the nitrogen of the amide. However, the
methylene attached to the nitrogen was split into 3 peaks, and the peak for the methylene
attached to the carbonyl of the amide was split into two, indicating some degradation of
the linker. It was speculated that part ofthe linker had been cleaved off, causing a slight
shift of the peaks. Nevertheless, some loading was evident due to the appearance ofpeaks
in the aromatic region of the spectrum and a shift in the methylene peak attached to the
alcohol vs. attached to the phenol. Furthermore, the IR verified the presence of the phenol
with a small amide stretch at approximately 1515
cm"1
A similar discrepancy occurred with the TentaGel S resin. A spectrum of the
unloaded resin, as obtained from the supplier, did not properly represent the structure.
There was no evidence ofthe peaks for the 4 aliphatic methylene protons. Because some
peaks were unidentifiable, it was not certain as to which one was due to the methylene
attached to the hydroxy group in order to note a change in chemical shift between loaded
and unloaded resin. Therefore, no loading information could be determined from the
spectrum. Some peaks did arise in the aromatic region of the loaded spectrum due to the
phenol, but none clear enough to confirm any quantitative results. In addition, the
IR
spectrum did not show evidence of loading; spectra of loaded vs. unloaded resin were
essentially superimposable.
Loading HMPA-PEGA resin underMitsunobo conditions also proved to be
difficult. This resin comes pre-swollen in methanol. Therefore, it has two mmol
equivalency values of0.06 mmol/g
forwet resin and 0.4 mmol/g for dry resin. The initial
reaction was done using the wet resin, however, weighing the resin while it was wet
proved very difficult to get an accurate
measurement. No reaction occurred as shown by
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both IR andNMR; the spectrum of the reacted resin was identical to that of the unloaded
resin. The second reaction was performed on dry beads (0.4 mmol/g). Theywere first
rinsed with dichloromethane and then dried on a centravap prior to loading. Changes did
occur in the reacted spectra, but it was unclear if the changes were due to loading.
Because of the complex nature ofthe resin backbone, it may be difficult to obtain
quantitative information. There are 2 different functionalities, an internal amide and a less
reactive tertiary amide where reaction could potentially occur. In addition, there are
amine groups on the resin, which are available to attach the 4-
Hydroxymethylphenoxyacetyl linker. However, any amine sites not reacted with the
linker are available for side reactions later in the synthesis. With all the possible side
reactions that could be involved, the spectra are extremely difficult to interpret.
In order to determine whether the loading difficulties were completely related to
resin problems or if they were due to reaction conditions as well, a solution reaction
similar to that ofa solid phase reaction was performed. Anisyl alcohol was used to mimic
the resin structure. Phenol (I) was then reacted with the anisyl alcohol under the same
reaction conditions as done on the beads with the exception that a 1 : 1 molar ratio was
used instead ofexcess amounts. Amass spectrum ofthe product showed the presence of
the desired product in very small quantities, along with some residual anisyl alcohol and
other dimers and unidentified peaks. According to a recent journal article, these
conditions were used to load N-Boc-L-tyrosine methyl ester onto hydroxymethyl
polystyrene through the phenolic
oxygen6
The rate determining steps of theMitsunobu
esterifications were shown to be due to either the activation of the alcohol or the
nucleophilicity of the phenol. From this it was determined that not only were there
complications with the resins, but these conditions were not suitable to favorably react
phenol (I) either in solution or on a solid phase resin.
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Loadine of4-Methoxvtritvl Chloride and Trityl Chloride Polystyrene
( 7
4-Methoxytrityl chloride
The next set of linkers that were explored include Trityl Chloride polystyrene and
Methoxytrityl Chloride polysytrene. One major difficulty with the analysis of this type of
resin is the lack ofprotons attached to the reactive site of the linkermaking the
quantification by *HNMR nearly impossible. To compensate for this, 13C labeled phenol
(la) was used to load onto the resin in order to follow the reaction by 13C NMR instead of
JHNMR (Figure 23). Despite these efforts, no loading was observed. The use of
Methoxytrityl Chloride was thought to enhance the reactivity of the linker by stabilizing
the carbocation intermediate via resonancy; however, no loadingwas observed again.
Alternate conditions such as heat, or the addition ofbases including DMAP and N,N-
diisopropyl ethylamine were employed. The appearance ofpeaks in the aromatic region
indicated some loading of the phenol, but only less than 10% yield was observed. Steric








Figure 23: Solution synthesis of 13C labeled phenol.
(la)
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Once again, solution phase reactions were performed to simulate the trityl resin
reactions. Chlorotriphenyl methane was used to model the resin. It was reacted with
phenol (I) using a variety of conditions. First, pyridine was used as both the base and
solvent. According to TLC, no reaction was observed. A second reaction was run using
10 eq of triethylamine as the base in THF. Again, there was no evidence a reaction had
occurred. A reactionwith sodium hydride (1 eq) was also attempted in THF with no
product being formed. Using 1 eq ofDMAP in THF was not successful either. Finally,
phenol (I) and chlorotriphenyl methane were reacted with 2 eq ofcesium carbonate in
DMF. Some product was present according toMS, however the reaction solution was
mostly starting materials. Therefore, the low reactivity ofphenol (I) seemed to be the




The methylisocyanate and methylisothiocyanate polystyrene linkers were also
explored as possible functional groups to load phenols. These resins have the same
analytical downfall as the trityl resins in that there are no protons adjacent to the reactive
site in order to obtain quantitative information. For this reason, these resins were loaded
with 13C labeled phenol (la) as well. It was originally thought that loading had occurred
by IR due to the complete disappearance ofthe isocyanate stretch at 2250 cm'1. However,
upon running the resin through identical
reaction conditions without the addition of
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phenol (la), it was observed that the isocyanate stretch had still disappeared. Because
something in the reaction conditions besides the phenol was causing the reduction of the
isocyanate stretch, IR could not be a reliable tool for analyzing loading. In addition, there
were no amide peaks seen by IR due to the presence of the phenol. Finally, 13C NMR
showed no loading either.
Efforts to react phenol (I) in solution with phenylisocyanate failed as well. Thus,
isocyanates do not appear to be a good linker for phenol (I) due to the lack of reactivity.
Loadine ofDimethylsilyl Polystyrene
Dimethylsilyl polystyrene





Dimethylsilyl polystyrene resin was also attempted for loading phenol (I). The
resin was first chlorinated with l,3-dicMoro-5,5-dimethylhydantoin. Completion of this
reaction was determined by the disappearance of the Si-H stretch in the IR spectrum.
Phenol (I) was then reacted with the chlorinated silyl resin. Therewas no loading
detected either by IR orNMR
Tert-butyldimethylsilyl chloride was used to parallel the solid phase reaction in
solution. According to TLC, no reaction occurred in solution; only phenol starting
material was present, thus rendering siliyl chlorides poor linkers for phenol (I).
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Loadine ofCarboxypolystyrene







The final linker attempted was Carboxypolystyrene. This resin was first
chlorinated by oxalyl chloride, followed by loading of 13C labeled phenol. According to
IR, the resin was loaded with the presence ofan amide stretch at 1521 cm"1. However,
C NMR showed no evidence of loading. This was never quite understood; however, due
to the rigidity of the resin, analysis was extremely difficult. Therefore, focus was placed









Originally, the focus of the study was on loading phenolic compounds, which
modeled photographic couplers; thus, phenol (I) was used. It was learned, however, that
whenever the reactions did not occur on the resin they did not react in solution either. The
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problem was thought to be either the poor nucleophilcity of the phenol due to the ortho
amide, which could hydrogen bond with the phenolic hydroxy group and in turn lower its
reactivity. To test these theories, different phenols were used. To determine whether the
poor loading was a result of the ortho positioning of the amide, a p-FMOC phenol (II)
was reacted with a few resins that had failed and one resin that was successful with the
original phenol (I) as a comparison. Phenol (HI) was used as an example ofa more
readily ionizable phenolic compound to determine if the poor nucleophilicity ofphenol
(I) was the reason for poor loading. Again, it was reacted with resins that had and had not
loaded.
Phenol (IT) was reacted with ArgoGelWang CI, NovaSyn TGA Methylisocynate
polystyrene, and 4-Methoxytrityl Chloride polystyrene resins. The ArgoGelWang CI
resin was loaded approximately 10%; all the others were not loaded at all. There were no
improvements made by changing the position ofthe amide from ortho to para. In fact,
loading on the ArgoGelWang CI resin was worse for phenol (II) than phenol (I). Perhaps
the FMOC group was too labile to withstand the reaction conditions causing
complications in the loading reactions.
Although phenol (TH) is not representative ofa photographic coupler, it was used
as a more reactive phenol to determine whether phenol (I) was reactive enough. IR and
NMR confirmed excellent loading (95-100%) on both the ArgoGelWang CI and
BrominatedWang resins with phenol (HI). These results are consistent with those of
phenol (I). The presence of aromatic peaks in theNMR spectrum indicates a small
amount of loading (<10%) onto the 4-Methoxytrityl Chloride polystyrene resin with
phenol (Til). Despite the slight increase in yield, it is not a significant improvement. No
loading was observed with theMethylisocyanate polystyrene orHMPA-PEGA resins.
Despite the increased nucleophilicity ofphenol (HI), it may not be reactive enough to
load onto these types of linkers, or these links may not be stabile. Theoretically it was
expected that a phenol could react with theMethylisocyanate polystyrene resin, even
though it is ordinarily used with nucleophilic reagents such as amines and hydrazines4.
On the other hand, the HMPA-PEGA resin is intended to react with carboxylic acids and
phenols4
However, as previously mentioned, the reaction is sensitive to the type of
functionality attached.
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Complications in the cleavage results, which will be discussed later, led to the
loading of two additional phenols (IV) and (V) onto the ArgoGelWang CI resin. Phenols








loaded with phenol (V) with an approximate 70% yield. Furthermore, (TV) could be
reacted with phenylisocyanate in solution. Although the resin chemistry has not been
performed yet, the fact that phenol (I) could not be reacted in solution and phenol (IV)
could, helps support the reasoning that phenol (I) may not be reactive enough.
The first halfof this study was to discoverwhich type of linkers would provide
the best loading ofphenolic couplers. Results show that linkers that alkylate or acylate
phenol (I) are preferred, consistently giving 90-100% loading. Other linkers such as
isocyanates, silyl chlorides, trityl chlorides, and hydroxy resins, which gave essentially
no loading, are not as desirable for phenol (I). Furthermore, it has been shown that
loading the resins is sensitive to the substitution pattern ofthe phenol. The addition of
certain groups and/or the positioning ofthe substituted can enhance the reactivity and in
turn increase loading yields.
The best resins for loading ofphenolic couplers are ArgoGelWang CI, Bromo
PPOA BrominatedWang, and TentaGel COOH.
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Chapter 3: Cleavage Results
Acid Labile Linkers
Acid labile resins such as ArgoGelWang CI andMerrifield, are most typically
cleaved with trifluoroacetic acid (TFA). The main concern with TFA however, is fully
cleaving the desired product without destroying the resin itself. Usually a solvent is added
to the acid, like dichloromethane (CH2C12), to help swell the beads. The concentration of
TFA that can be used depends on the stability of the resin and the phenol product. For the
aforementioned resins, 95% TFA/CH2C12 was used. The resins show small amounts of
deterioration when exposed to this concentration.
The stability ofphenol (I) towards TFA in the absence ofthe resin was tested by
mixing phenol (I) and 95% TFA/CH2C12 for 5 days. Analysis by HPLC showed no
degradation of the phenol after this treatment. Since both resin and phenol (I) were fairly
stable towards TFA and the linkage would prove difficult to cleave, very strong cleavage
conditions (95% TFA/CH2C12) were used.
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Cleavage ofphenol (I) from the ArgoGelWang CI resin was attempted under
various conditions. The first sample was 30% cleaved when reacted with a 95%
TFA/CH2C12 solution for -24 hours. A 43% yield was obtained on a second sample of
ArgoGel resin when reacted with 95% TFA/CH2C12 for 6 days followed by the addition
ofTin (IV) Chloride for 1 day. It was thought that the lewis acid would help catalyze the
reaction. Cleavage was attempted on a third sample using 95% TFA/CH2C12; the sample
was heated at
50
C for 24 hours and left to mix for 4 additional days. According to
44
ArgoGelWang CI Resin with Phenol (I)
Cleavage Conditions CleavageResults
95% TFA/CH2CL2, -24 h 30% HPLC
95% TFA/CH2CL2




C, 24 h + 4 days
42% HPLC
100% NMR
Table 7: Cleavage conditions and results for ArgoGelWang CI with phenol (I).
HPLC, this samplewas 42% cleaved. However, theNMR spectrum of the beads
following the reaction indicated 100% cleavage; the peak at 5.2 ppm due to the
methylene attached to the phenolic oxygen was not present. Because of side products
observed in the cleavage reactions ofphenol (III), which is discussed later, it was
speculated that once the resin was cleaved from the phenol (I), the carbonium ionwas
reattaching via electrophilic aromatic substitution, most likely in the para position (Figure
24).
ArgoGelWang CI
Figure 24; Speculated rearrangement ofcleaved resin to phenol (I).
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This rearrangement would result in linking the phenol to the resin through a stable C-C
bond, which would reduce the percent cleavage seen by HPLC and change theNMR
spectrum to appear unloaded through the phenolic oxygen.





The difficulties in cleaving phenol (I) from the ArgoGelWang CI resin led to
attempts ofcleaving the more acidic phenol (HI). HPLC data showed three distinct peaks
having retention times of4.2, 7.9, and 9.5 minutes after cleavage with 95% TFA/ CH2C12
for -24 hours. The peak for the desired product at 9.5 min indicated that 2% ofphenol
(HI) was recovered through cleavage. An LCMS spectrum of the sample was taken
(Figure 25). Peaks at 5.1, 7.4, and 8.1 minutes corresponded with the 3 peaks in the
original HPLC spectrum. The desired phenol (HI) with a molecular weight of341 g/mol
had a retention time of 8. 1 minutes. The peak at 5.0 min was identified as the bis-
sulfophenol biproduct (VI) with a molecular weight of250 g/mol. The peak at 7.4 min
had amolecular weight of341 g/moL which is equivalent to the molecular weight of the
desired product however, with different retention times these two peaks could not be the
same compound despite having the same molecular weight. Once cleaved, the phenol was
thought to have undergone rearrangement of the benzyl group, thus producing an isomer
with the same molecular weight (Figure 26). It was demonstrated that the rearrangement
had taken place due to the TFA by reacting the phenol (Tfl) alone with 0.5 ml ofTFA An
LCMS spectrum ofthis reaction showed essentially the same bi-products. This serves as
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Figure 26: (VI) Bis-sulfophenol biproduct. (VH)
Rearrangement ofphenol (ffl) to give isomer
withMW = 341 g/mol.
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In order to avoid the complications ofbi-products during cleavage, phenol (TV)
was used in loading ArgoGelWang CI as a reactive sulfonated phenol. Cleavage of a
77% loaded sample was performed using 95% TFA/CH2CI2 for 22 hours. A 52% yield
was obtained by HPLC with no additional bi-products present. An NMR spectrum of the
beads showed no remaining loaded phenol. Since the resin also produces a benzyl
carbonium ion on cleavage, it could alkylate phenol (TV) in the ortho position thus
decreasing the yield ofrecovered phenol and changing the NMR as observed. The goal of
using a more acidic phenol (IV) than the original phenol (I) to obtain better cleavage
results was accomplished, thus showing that the results are extremely dependent on the
type ofphenol used.




Realizing that both the leaving group ability of the
phenol and the re-loading
reaction are ofgreat concern during both loading and cleaving, a para-chloro derivative
ofphenol (I), phenol (V), was used as a final test. A 90%
loaded sample ofArgoGel
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Wang CI resinwas reacted with 95% TFA/CH2C12 for -24 hours resulting in 90%
cleavage. The addition of the chlorine aids in reactivity by reducing the pKa of the phenol
as well as blocking the site of rearrangement of the carbonium ionized resin. An
additional study was performed on the ArgoGelWang CI resin with this phenol (V) in
order to determine whether milder cleavage conditions could be used and still obtain
efficient cleavage. A gradient ofTFA concentrations (10%, 20%, 50% and 75%) was
used in order to determine the optimal conditions for cleavage. Yields of63%, 65%,
67%, and 67% respectively were obtained indicating the necessity for the higher 95%
concentration ofTFA. It was interesting that there was little change in cleavage over the
range ofTFA from 10-75% followed by a jump to 90% cleavage at 95% TFA/CH2CI2.
Perhaps the increase from 75% to 95% is enough to drive the equilibrium to completion.
However, if60% yields are acceptable, concentrations as low as 10% TFA/CH2CI2 could
be used.
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Figure 27; A graph ofpercent cleavage versus variousTFA concentrations used in cleavage reactions of












Acid cleavage was also attempted on theMerrifield resin loaded 90% with phenol
(I). Less than 1% yield was observed by HPLC using 95% TFA/CH2CI2. The lower yields
for theMerrifield as compared to the ArgoGelWang CI resin may be contributed to the
fact thatMerrifield is much less reactive towards acid. TheMerrifield resin is a benzyl
linker instead of the p-alkoxybenzyl linker of the ArgoGelWang CI, which makes it less
likely to form the benzyl cation in TFA. For this reason, the ArgoGelWang CI is a more









Both BrominatedWang and Bromo PPOA resins are designed for photolytic
cleavage. This type ofcleavage was desirable for two reasons. One is that the
photocleavable linker is very robust during normal chemical reactions that the substrate is
subjected to during the formation ofa library. Only
with the addition of light will the
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substrate be cleaved, which reduces concern ofpremature cleavage caused by the
reaction conditions. Secondly, the photocleavable linker provides a way to remove the
product cleanlywithout destroying the resin, which often occurs with the use ofTFA.
Especiallywith higher acid concentrations, the polymer itselfcan be degraded
implementing impurities to the sample. The first reactions were done on the Brominated
Wang resin loaded with phenol (I). A hand-held UV lamp, set on the long wavelength
(365 nm), was used as the light source. After 22 hours, only 10% cleavage was observed
by HPLC. An NMR spectrum of the beads following cleavage indicated that
approximately 80% ofthe phenol was still attached to the resin.
Originally, it was thought that the handheld light source was not powerful enough
to fully cleave phenol (I), therefore a Hg lamp was used to irradiate the sample.
According to the literature, a wavelength of350 nm was needed for cleavage ofthe
brominated wang resin . However, not all the wavelengths irradiated by the Hg lamp
were desired. A filter was placed on the sample cuvette in order to block wavelengths
below 3 10 nm and reduce the possibility of light being absorbed by the phenol itself.
Initial results after 4 hours of irradiation showed 0% cleavage. The reaction time was
increased to 25 hours, 41 hours, and finally 5 days with cleavage results of3%, 0%, and
0% respectively. Variations in light sources and reaction time had little effect on
cleavage. In fact, the best results were from the weaker handheld light source in a shorter
amount of time. Initially the problem was thought to be caused by the poor leaving group
ability ofphenol (I).
With this, cleavage was attempted on the more reactive phenol (HI). The sample
was irradiated with the handheld UV lamp for 21 hours resulting in 48% cleavage as
determined byHPLC. The rest of the phenol was still loaded on the resin according to
NMR. Another sample was allowed to irradiatewith the handheld lamp for 5 days
resulting in a 10% cleavage. However, the second sample was placed in a quartz cuvette
with the light shining through as opposed to the 48% cleaved sample, whichwas placed
in an open cap and the light source placed directly on top of the sample. Perhaps one
reason the handheld samples were getting better cleavage results is that each bead was
being irradiated at all times. Although the beads were suspended in DMF with a stirring
51
device in the cuvette samples, the light may not be focused on a particular bead for a long
enough time for the reaction to take place.
BrominatedWang Cleavage









UVhandheld lamp 22 h 10% HPLC/
NMR
21 h 48% HPLC/
NMR
5 days 10% HPLC
Hglamp 4h 0% HPLC NA NA
25 h 3% HPLC
41 h 0% HPLC
5 days 0% HPLC
ArcXenon lamp NA NA 24 h 42% HPLC
100% NMR
(biproducts)
Table 8: Various conditions and results for cleavage ofBrominatedWangwith both phenol (I) and (III).
An Arc Xenon lamp was used to cleave phenol (DI) from the BrominatedWang
resin as well. An HPLC of the sample after irradiation for 24 hrs indicated 42% cleavage.
However, therewere 2 additional peaks in the spectrum alongwith a large number of
peaks at the baseline. An LCMS spectrum identified one of the peaks as the diol (VI); the
third peak was unidentified. AnNMR spectrum of the beads after cleavage showed no
evidence of residual loading. It appears that all the phenol was cleaved off the resin with
the stronger light source, but the phenol itselfwas also destroyed. To confirm this, an
experiment was run to determine the stability of the phenol alone in the Arc Xenon lamp.
After 7 hours, therewas about a 6% loss of the original phenol (HI) and appearance of the
diol (VI) peak along with a lot ofbaseline peaks. A
reaction run time of24 hours should
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be long enough to destroy a significant amount ofthe cleaved phenol. Therefore, the
higher powered light source, although seems to improve cleavage, is not especially
helpful.
UV/VIS spectrawere taken ofboth phenol (I) and (HI) in order to understand why
the latterwas cleaving better under the same conditions. The spectrum for phenol (I) cuts
offat around 300 nm, but there is a gradual, declining slope from 300 nm to
approximately 370 nm where the tail finally levels off. The phenol may be absorbing
some of the energy at 350 nm, which is thewavelength needed by the resin for cleavage.
The UV/VTS spectrum ofphenol (HI) absorbs at around 275 nm and has a sharp
cut-offat 290 nm. There is no absorbance at 350 nm, avoiding possible interference in
the reaction. Nevertheless, the complete removal ofphenol (IH) from the resin is still a
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Figure 28: UV spectra for phenol (I) (top) and phenol (IH) (bottom).
Further investigationwas done by reacting bromoacetophenone with both phenol
(I) and (HI) in solution and analyzing the UV/VIS






















Figure 29: Solution phase synthesis of
2-bromoacetophenone with (A) phenol (I) and (B) phenol (ffl) and
the respective UV/VIS spectra for vm and DC
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The n- tc* transition ofthe carbonyl in the acetophenone, which is necessary for the
Norrish cleavage reaction to occur, is an extremely small one, even compared to the
phenols. In the UV/VIS spectrum of (Vffl), the absorption due to the phenol is much
larger and overlaps that of the acetophenone. Therefore, the phenol, not the acetophenone
carbonyl is absorbing most of the UV light going into the reaction, resulting in little to
zero cleavage. The UV/VIS spectrum of (IX) shows some overlap between the
absorbances from the phenol and phenone, but with the blue shift ofphenol (HI), there is
some separation of the two peaks. This allows for some light to be absorbed by the
acetophenone carbonyl, resulting in improved cleavage. However, complete cleavage is
still not observed most likely due to the weakness of the acetophenone relative to the
phenol. Furthermore, literature examples show peptides, which are shifted away from 350
nm, have been cleaved off this resin in 70% overall
yields9
Thus, the problem seems to








The BrominatedWang resin composed ofa phenacyl linker attached to a
polystyrene backbone is quite rigid. It was speculated that some ofthe loaded linkers on
the inner core of the resin are not as mobile and in turn may not be subjected to enough
light, thus reducing cleavage to only those outer sites. Using a solvent such as CH2CI2
that would better swell the bead is not feasible due to current evaporation problems with
DMF during cleavage reactions. Furthermore, it has been known that slight changes in
resins depending on composition or manufacturer can cause a significant difference in
reactivity. For these reasons, a different photocleavable linker, Bromo PPOA was
attempted. This resin has a longer tether than the BrominatedWang, which in theory
would make the resin more mobile and may provide the inner core sites with more light.
However, upon irradiating the Bromo PPOA resin loaded with phenol (HI) under the UV
handheld lamp for 28 hours, a 43% cleavage was calculated. NMR data of the resin after
cleavage shows phenol still loaded. By changing resins, no improvement in cleavage was
observed.
Base Labile Linkers





The TentaGel COOH resin loaded with phenol (I) was cleaved under various
basic conditions. The initial reaction was done using 4MNaOH/H20 (50% w/w) in DMF
resulting in 48% cleavage
of an approximately 50% loaded sample. The second cleavage
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attempted was on a 100% loaded sample using 1 MNaOH/H20 in DMF (100
equivalents). According to HPLC, the sample was 35% cleaved. However, it was noticed
that during the cleavage reaction, there was a white precipitate present. This precipitate
was not soluble in DMF and did not dissolve with the addition of 10% acetic acid. It did,
however, dissolve with the addition ofa few drops ofwater. An HPLC chromatogram of
the solution after the precipitate was completely dissolved showed no improvement in the
yield. Therefore, the solid was thought to be NaOH that had precipitated out ofDMF and
not a salt of the phenol. Because of solubility problems, 2.4M NaOCH3/ CH3OH (25%
w/w) was used, giving rise to a 30% yield. AnNMR of the beads after reaction showed
100% cleavage had occurred; no residual phenol was present. Finally, loaded resin was
reacted with KOH (15 equivalents) in isopropanol for one hour. A yield of35% cleavage
was obtained according to HPLC and 100% according to NMR. Poor cleavage results
could be due to incomplete DIC reactions.
Cleavage was also attempted on the TentaGel COOH resinwith phenol (V). For a
70% loaded sample, a range of31-64% cleavage was achieved using 1.1 M NaOH/H20
in DMF. Additional conditions of2 MNaOCH3/CH3OH in DMF were also attempted,
resulting in 51% cleavage (70% loaded) according to HPLC. However, NMR analysis of
the beads showed 100% cleavage. Finally, a third sample was cleaved using KOH in
isopropanol. The exact loading percentage was unclear, which affects the cleavage
results. Overlapping ofthe peaks of interest, which hinders the ability to obtain exact
integration, causes discrepancies in the loading percentages. This in turn causes
uncertainties in the cleavage. If the sample was assumed to be 90% loaded, then the
reaction was 58% cleaved; if the sample was assumed to be 70% loaded, the reaction was
75% cleaved. The latter is much better in terms of removing all that was loaded, however
this demonstrates the variability that can arise with the use of this resin. Nevertheless,
about a 20% improvement in cleavage is achieved with phenol (V) versus phenol (I). The
chlorine is electron withdrawing, which aids in the removal of the phenol from the resin.
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TentaGel COOH Cleavage







4MNaOH, DMF 48% HPLC
(50% loaded)















Table 9: Cleavage conditions and results for TentaGel COOH reactions with phenol (I) and (V).
From the second portion of this study, it was learned that there are many
limitations to each type ofcleavage. For acid labile type resins such as ArgoGelWang CI
andMerrifield, the phenol must contain a substituent in the para position in order to block
carbonium rearrangement ofthe resin. Furthermore, the phenol must be stable towards
the high acid concentrations that are necessary for complete cleavage. Substrates such as
phenol (IH) are not applicable because of the degradation that occurs in the presence of
TFA.
The photolabile linkers such as BrominatedWang and Bromo PPOA have two
limitations as well. First, the substrate being cleaved from the resin must have an
absorbance away from 350 nm in order for the
reaction to occur. Because of this, these
photocleavable resins are not promising for this type ofphenolic coupler. The second
limitation for photolabile type resins is that the substrate must be stable towards
photo-
oxidation. A significant percentage ofphenol (in), when irradiated with the Arc Xenon
lamp was destroyed, thus reducing the overall
yield.
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Finally, the third type of cleavage includes base lablile resins such as TentaGel
COOH. The solubility of the base and the stability of the substrate towards basic
conditions limit the quality of these results.
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a) Tin (IV) CI, 7 days




b) 42% Cleaved HPLC
100% Cleaved NMR









Tenta Gel S COOH
a) 4 M NaOH, DMF




-a) 48% Cleaved HPLC
(50% loaded)
b) 30% Cleaved HPLC
100% Cleaved NMR
c) 35% Cleaved HPLC


















- 0.9% Cleaved HPLC
,OAr(l)
95% TFA/DCM Not Loaded
a) Trityl
chloride : R = H
b) 4-Methoxytrityl
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a) UV hand held lamp
- a) 47 % Cleaved HPLC
(350
nm)1
b) Arc Xenon lamp
Confirmed by NMR

































100% Cleaved by NMR
(77% Loaded)
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Tenta Gel S COOH
-a)1.1M NaOH, DMF
b) 2 M NaOMe, DMF
a) 31% Cleaved HPLC
(70% Loaded)









At the onset ofthis study, it was desired to determine the best linkers for phenolic
couplers with optimal loading and cleaving conditions. After analyzing 14 different
resins, the ArgoGelWang CI was the most desirable for two reasons. This resin
consistently gave extremely high loading results of95-100% for all the phenols and once
the limitations were discovered and compensated for, it gave good cleavage results as
well. Furthermore, this resin was by far the easiest to analyze by NMR, providing
accurate quantitative information.
Although not ideal for phenolic compounds, photolabile resins such as
BrominatedWang and Bromo PPOA show promising results. Loading was consistently
high for both resins with 95-100% yields. They also have the potential for clean cleavage
results. Unfortunately, the absorbance ofphenol (I) overlaps the 350 nm wavelength
needed for reaction, thus inhibiting cleavage. However, it is speculated that UV/VIS
spectra ofcompounds can be taken prior to loading reactions and be successfully cleaved
if enough separation is present.
The TentaGel COOH resin was somewhat successful in both loading and cleaving
ofphenols. Once the conditions were optimized, high loading was obtained, although
evidence of incompleteDIC reactions was sometimes observed. Upon cleavage, desired
product was collected, but not completely. UsingNMR as an analytical tool of
quantification led to difficulties in acquiring accurate results. Key peaks of interest were
in a congested area of the spectrum, hindering exact measurements to be taken. Perhaps
obtaining a dry weight is a more effective means ofanalysis in this particular case.
This may not be an ideal reaction in that 100% loading and cleavage is not observed,
however it is an effective means of loading and cleaving phenols and being a base labile
resin, is useful when acidic reaction conditions are needed.
As previouslymentioned, getting information
ofresin bound material is a
challenge for traditional analytical techniques. Oftenwhen using solid phase synthesis,
the compound is loaded, subsequent reactions are performed, and finally cleavage from
the resin occurs. Once the substrate is cleaved from the resin, the solvent is evaporated
offand a dryweight percent is calculated. Unfortunately, it is not until the reaction has
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been cleaved, that any information can be determined. Therefore, it is a question as to
whether poor yields were caused by inadequate loading, reaction, or cleavage conditions.
Second, the reaction needs to be done in a volatile solvent. Solvents such as DMF cannot
be used in cleavage reactions because it cannot be easily removed in order to isolate the
product. Finally, at this micro scale, the smallest trace of solvent left behind can
dramatically affect the yields. Nevertheless, this method is advantageous in that the
mobility of the polymer is not a factor, where as using MAS-NMR techniques the more
rigid the polymer, the poorer the spectrum and the more inaccurate the results.
Furthermore, this method is not concerned with nuclei near the reactive sites, therefore
information can still be obtained whether there are protons directly attached to the link or
not.
This study attempted to quantify loading using MAS-NMR and ATR-FTIR and
cleavage using HPLC as opposed to the dry weight method. Using ATR-FTIR allowed
loading reactions to qualitatively be determined quickly, without sample prep. This was
an effective tool where functional groups were able to be followed. MAS-NMR as an
analytical tool is extremely effective if resins are mobile enough to allow for resolved
spectra, there is a proton adjacent to the reactive site where chemical shifts can be
observed, and the peak of interest in an isolated region ofthe spectrum. Quantification
via this method can become increasingly difficult to nearly impossible ifone or all of
these criteria are not met. However, it is a useful and accurate technique otherwise.
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Chapter 5: Experimental Section
Loadine Conditions
Loading Alkylating Linkers
Loading the phenol onto the alkylating linkers (BrominatedWang CI, Bromo
PPOA, Merrifield, and ArgoGelWang CI) is accomplished via nucleophilic displacement
of the halide by the phenolic anion. The anion is first formed in solution using sodium
methoxide in methanol. When the reaction is complete, the methanol is evaporated off
and the anionic salt is dissolved in DMF and added to the pre-swollen resin. For instance,
0. 1 g ofArgoGelWang CI resin (0.39 mmol/g), is reacted with 10 equivalents ofphenol
(0.0832 g) and NaOCH3 in CH3OH, 25 % w/w (0.0843 g).
0. 1 g resin x (0.39 mmol/g resin)
= 0.039 mmol





mol) x (213.25 g /mol)
= 0.0832 g phenol
(3.9 x
104
mol) x (54.02 g/mol) x (1/ 0.25)
= 0.843 gNaOCH, inMeOH (25%w/w)
The resin is placed in a fritted plastic reaction vial (Biorad Inc.) and swollen with ~0.5 ml
ofDMF. In a separate round-bottom flask, the phenol and NaOCH3 are stirred in ~10 ml
ofmethanol for 45 minutes to an hour. Using a rotavap, the methanol is removed leaving
behind the solid anionic phenol, which is subsequently dissolved in ~5 ml ofDMF. This
bright yellow solution is then added to the reaction vial with the resin and allowed to mix
overnight at room temperature on a labquake. After approximately 24 hours, the excess
reagents and solvent are drained through the filter. The resin is washed with DMF (3x5
ml),MeOH (3 x 5 ml) and CH2C12 (3 x 5 ml) and placed in a centravap to dry. Eachwash
was allowed to shake for several minutes before filtering offand adding the next wash.
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Loading TentaGel COOH
The TentaGel COOH resin (0.2 g, 0.3 mmol/g) and 51.2 mg ofphenol (4
equivalents) are placed in a fritted plastic reaction vile. In a separate scintillation vial, 24
mg of 1-hydroxy-benzotriazole, HOBt, (3 equivalents) is dissolved in 1 ml ofDMF. To
this reaction, 50 ul ofa 0.12M solution of4-(dimethylamino) pyridine in DMF is added.
This solution is added to the resin/coupler mixture and shaken well. Finally, 56 ul of 1,3
-
diisopropylcarbodimide, DIC, (6 equivalents) is added to the reaction and allowed to
shake overnight. After approximately 17 hours, the excess reagents and solvent were
filtered offand the loaded resin was washed with DMF (3x5 ml), THF (3x5 ml), and
CH2CI2 (3x5 ml). The first two washes ofeach solvent were allowed to filter straight
through. The third wash was capped and shaken before filtering. The resin was then kept
on the vacuum manifold for at least 10-15 minutes for drying before
analysis16
Loading Alkyl Hydroxy Linkers
NovaSyn TGA, TentaGel S, and HMPA-PEGA resins were loaded using
Mitsunobu conditions17. Thirty equivalents ofphenol and triphenylphosphine (PPh3) were
added to 50 mg ofresin in 0.5 ml ofN-methylmorpholine. Diethylazodicarboxylate
(DEAD) was added dropwise to the reaction mixture and was allowed to mix overnight.
The beads were washed with DMF (3x5 ml), MeOH (3 x 5 ml) and CH2C12 (3 x 5 ml)
and dried on a centravap.
Loading Trityl Linkers
Loading conditions for both the Trityl Chloride andMethoxytrityl Chloride resins
include adding 10 equivalents ofphenol to 50 mg of resin in 1 ml ofpyridine18. The
reaction was mixed overnight and washed with DMF, MeOH, and CH2C12 (3 x 5 ml
each).
Loading Isocyanate/Isothiocyanate Linkers
BothMethylisocyanate andMethylisothiocyanate resins were loaded using base.
Fifty milligrams of resinwas reacted with 12.7 mg ofphenol (10 equivalents,
C13
labeled
at the carbonyl carbon) and 6.02 mg of
triethylamine (10 equivalents) in 0.5 ml ofDMF.
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The reaction mixed overnight and was washed with DMF, MeOH, and CH2C12 (3 x 5 ml )
each.
Loading Dimethylsilyl Polystyrene Linker
The dimethylsilyl polystyrene resin was first chlorinated using 1,3
- dichloro -
5,5 dimethylhydantoin (10 equivalents) in 0.5 ml ofCH2C1219. The reaction was left
mixing overnight and washed 3x with CH2C12. Chlorination was determined by following
the disappearance of the Si-H peak (2100 cm"1) by IR. The chlorinated resinwas then
reacted with 10 equivalents ofphenol and imidazole in 1 .5 ml ofTHF. This reaction was
mixed overnight and washed with DMF ( 6 x 5 ml ) and CH2C12 (3x5 ml). NoMeOH
wash was used due to the concern of reacting the silyl site with OH.
Loading Carboxypolystyrene Linker
Fifty milligrams ofresin was first chlorinated with 12.7 mg ofoxalyl chloride (10
equivalents) in 1 ml of toluene. The reaction mixed for 48 hours and then was washed
with toluene (2x5 ml) and CH2C12 (3x5 ml). The chlorinated resin was then reacted
with 21 .4 mg ofphenol (10 equivalents, phenol was
C13
labeled at the carbonyl carbon)
and 10.1 mg of triethylamine (10 equivalents) in 1.0 ml ofDMF. This reaction was mixed
for 2 days beforewashed with DMF, MeOH, and CH2C12 (3 x 5 ml ) each.
Cleaving Conditions
Acid Labile Linkers
Both the ArgoGelWang CI andMerrifield loaded resins were cleaved using 95 %
TFA and 5% CH2C126. Loaded resin was placed in a fritted plastic reaction vial with 1 ml
95% TFA/CH2C12 solution and allowed to mix overnight. The solution was then filtered
off into a 10 ml volumetric flask. The resin was washed and shaken with 1 ml ofDMF to
dissolve the cleaved phenol away from the resin. Four suchwashes were performed and
collected in the flask. Finally, the sample was diluted to a known 10 ml volume with
acetonitrile and analyzed by HPLC.
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Photolabile Linkers
Loaded BromoWang CI was placed in a plastic cap with 1 ml ofDMF. A
handheld UV lamp (Model UVGL-25, 1 15 V, 60 Hz, 0. 16 Amps) set on the long
wavelength (365 nm) was placed directly onto the cap as the light source for cleavage.
Literature sources cite the desired wavelength to be 350
nm1
The reaction was allowed to
run overnight (~ 24 hours). The solution was then transferred to a 10 ml volumetric flask
by a pipette. The resin was washed with DMF (4 x 1 ml), collecting each wash in the
flask. Finally, the sample was diluted to 10 ml with acetonitrile and analyzed byHPLC.
This same procedure was followed for Bromo PPOA as well.
Other cleavage experiments involving the BromoWang CI resin were performed
using higher-powered light sources. The loaded resin was placed in a quartz cuvette with
1 ml ofDMF and a stirring device to keep the resin suspended in solution. The sample
was then photolitically cleaved using aMercury lamp (250W) with a filter cutting off
wavelengths below 310 nm. After approximately 24 hours, the solution was transferred to
a 10 volumetric flask, washed with DMF (4 x 1 ml), diluted to 10 ml with acetonitrile and
analyzed byHPLC. This procedure was also followed, using an arc Xenon lamp (Model
66021, 1 KW, 1 MegaLux ) as the light source with the 3 10 nm filter.
Base Labile Linkers
Initial TentaGel COOH cleavage reactionswere done usingNaOH as the base.
Loaded resin (50-100 mg) was placed in a fritted plastic reaction vile with 90 mg of
NaOH/H20 (50% w/w) solution in 1 ml ofDMF. The reaction was allowed to
mix
overnight on a labquake. The reaction was then filtered off into a 10 ml volumetric flask.
The residual resin was washed 4 times with 1 ml ofDMF to remove the cleaved product
from the resin. Finally, the sample was diluted to a known 10 ml volume with acetonitrile
and analyzed by HPLC. This same procedurewas followed using
NaOCH3/CH3OH as
the base in DMF. See Table 3 for various conditions used.
TentaGel COOHwas also cleaved using KOH10. A solution of0.62 g ofKOH
dissolved in 250 ml ofwaterwas first made. 4 ml of this solution was added to 8 ml of
isopropanol. This solution ofKOH/H20 in isopropanol (1 ml) was added to 50-100 mg of
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loaded resin in a fritted plastic vial. The mixture was stirred on a labquake for 1 hour then
filtered into a 10 ml volumetric flask. The residual resin was washed with the KOH/H20
in isopropanol solution (4 x 1 ml), collecting eachwash in the volumetric flask.
Acetonitrile was used to dilute the sample to 10 ml forHPLC analysis.
Solution Syntheses
Synthesis ofPhenol (I)
Benzoyl Chloride (52 g) was dissolved in 200 ml ofTHF followed by the addition
of40 g ofo-aminophenol. The reaction was allowed to stir overnight at room
temperature. The reaction mixture was filtered and the precipitate washed with ethyl
acetate, 10% HC1, and saturated sodium bicarbonate.
Reaction ofAnisyl Alcohol with Phenol (I) viaMitsunobu conditions
Anisyl alcohol (64 mg, leq), phenol (I) (103.2 mg, leq), and 122.3 mg (leq) of
triphenylphosphine (PPh3) were dissolved in 5 ml ofN-methylmorpholine (NMM).
Diethylazodicarboxylate (DEAD) (72.7 mg, leq) was added to the reaction mixture
dropwise and allowed to stir at room temperature for 3 days. This amount oftime may
not be necessary, but was done for convenience. The reaction was washed with ethyl
acetate and 10%HC1.
Synthesis ofPhenol (la)
13C labeled benzoyl chloride (2.91 g) was dissolved in 30 ml ofTHF followed by
the addition of2.24 g of o-aminophenol. The
reaction was allowed to stir for 5 hours
under nitrogen at room temperature, then refluxed overnight. The reaction mixture was
dissolved in ethyl acetate and washed first with 10% HC1 and second with saturated
sodium bicarbonate solution. The ethyl acetate layerwas dried with magnesium sulfate.
The solvent was evaporated offand the solid was collected.
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Reaction of tert-Butyldimethylsilyl with Phenol (I)
Phenol (I) (0.100 g) was reacted with 1 equivalent ofboth tert-butyldimethylsilyl
chloride and imidazole in 50 ml ofTHF. The reaction was allowed to stir for 3 days at
room temperature. One equivalent of triethylamine was then added and allowed to mix
overnight. Finally, 1 more equivalent of tert-butyldimethylsilyl chloride was added.
Reaction ofChlorotriphenylmethane with Phenol (I)
Chlorotriphenylmethane (0.1 g) and 1 equivalent ofphenol (I) (76 mg) were
mixed with 4 ml ofpyridine and allowed to stir overnight at room temperature. The
reaction was then left to reflux for 5 days. It was followed by TLC.
A second reaction was done using 0.1 g of chlorotriphenylmethane, 1 eq of
phenol (I) (76 mg), and 10 eq oftriethylamine (0.363 g) in 4 ml ofTHF. This reaction
was allowed to stir overnight at room temperature and was followed by TLC.
Third, 0.383 g ofphenol (I) (1 eq) was dissolved in 20 ml ofTHF. To this
solution, 0.5 g of chlorotriphenylmethane was added, followed by 0.219 g of
dimelbylammopyridine (1 eq). The reactionwas allowed to mix underN2 overnight at
room temperature and followed by TLC.
Phenol (I) (0.383 g, leq) and sodium hydride (17 mg, 1 eq) were stirred for 2.5
hours under N2. Chlorotriphenylmethane (0.5 g) was then added to the mixture and
stirred overnight. The reaction was followed by TLC.
Chlorotriphenylmethane (0.5 g), phenol (I) (0.383 g, leq), and 1.17 g ofcesium
carbonate (2 eq) were reacted in 20 ml ofDMF and stirred
under N2 for 5 days. Another
0.5 eq ofchlorotriphenylmethane was added to
the solution and allowed to react
overnight. The reaction was followed by TLC and mass spectroscopy.
Phenyl Isocyanate Reactions
One gram ofphenyl isocyanate, 1.8 g ofphenol (I) (1 eq), and 5.5 g ofcesium
carbonate (2 eq) were all mixed in 20
ml ofDMF. The reaction was allowed to stir under
N2 for 5 days. An addition 0.5 eq ofphenyl isocyanatewas
added to the reaction and
mixed overnight. The reaction was followed by TLC and mass spectroscopy.
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Phenyl isocyanate (0.5 g), phenol (I) (0.90 g, 1 eq), and 0.43 g of (Et)3N (1 eq)
were mixed in 19 ml ofTHF. The reagents were stirred underN2 overnight. The reaction
was followed using mass spectroscopy.
Five grams ofphenyl isocyanate along with 7.2 g ofphenol (TV) were dissolved
in 50 ml ofTHF. A catalytic amount of (Et)3N (4 drops) were added to the reaction. The
product precipitated out almost immediately and confirmed using FDMS.
Synthesis ofPhenol (II)
9- Fluorenylmethyl chloroformate (FMOC) (4.7 g), 2.0 g ofp-aminophenol, and
2.2 g ofN,N-dimethylanaline were reacted in 50 ml ofDMF. The reaction was allowed to
mix overnight and was determined complete by TLC. The THF was evaporated offand
the precipitate was washed with ethyl acetate, 10 % HC1, and H20. The product was then
dried in an oven to rid ofany excess water. The final analysis was done usingNMR
spectroscopy.
Synthesis ofPhenol (V)
Benzoyl chloride (9.8 g) was added to 1 10 ml ofTHF followed by the addition of
10 g of2-amino-4-chlorophenol (1 eq). The reaction was allowed to mix for 6 hours at
room temperature under N2. More THF (100 ml) was added and the reaction was then
refluxed overnight. The precipitate was filtered offand recrystallization was attempted.
The solid was added to 350 ml of acetonitrile and allowed to reflux overnight. The
product never dissolved, however the precipitate was filtered offand anNMR and MS
spectrum confirmed the desired product.
Synthesis ofCompound (VTH)
Phenol (I) (4.5 g, 1 eq) and 1 eq ofNaOCH3 in CH3OH (25% w/w) were mixed in
150 ml ofCH3OH for 45 minutes. The methanol was evaporated offusing a rotavap and
the resulting precipitate was dissolved in
70 ml ofDMF. 2-Bromoacetophenone (4.2 g, 1
eq) was added to the mixture and
allowed to stir underN2 overnight. The completion of
the reactionwas determined by TLC. The work-up consisted of adding 150 ml ofethyl
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acetate to the reaction mixture and washing 3x with 10% HC1. The ethyl acetate was then
evaporated offand the crude precipitate was recrystallized in methanol.
Stability ofPhenol (HI) Experiment
A standard sample of 1 mg/ml ofphenol (HI) was prepared (0. 1 g ofphenol in
100 ml ofDMF). A 1 ml aliquot ofthe standard solution was placed in a cuvette covered
with a 3 10 nm filter. The cuvette was then placed in an Arc Xenon lamp for 7 hours. An
HPLC spectrum of the sample before and after irradiationwas taken as a comparison.
Analytical
On-Resin NMR LoadingAnalysis
All on-resin loading results were obtained on a 500MHz Varian UnityNMR
spectrometer. A Varian 4 mm JHNano NMR probe was used to spin the sample at the
magic angle of
54.7
The resin is placed in the sample tubeswith a 40 ul capacity,
swollen in CD2C12, and sealed with a Teflon plunger for analysis.
On-Resin FTIR LoadingAnalysis
All loaded resins were qualitatively analyzed on a Bio-Rad diamond ATR
(attenuated total reflectance) FTIR. No sample prep was necessary.
Solution NMRAnalysis
Solution NMR datawas obtained on a VarianMercury 300MHz spectrometer.
HPLC Analysis for Cleavage Results
Cleaved samples were analyzed on aHewlett Packard 1 100 binary pump HPLC
system. The reverse phase gradient conditions are listed below.
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Column - Zorbax Rx C-8 (150 x 4.6 mm, 5 micron packing)
"A"




Flow Rate - 2 ml/min
Detection - 254 nm (diode array spectra collected 190 -900 nm)
Injection Volume - 10 jx 1
Gradient - 20 to 80 % ofB in 15 minutes, hold for 2.5 minutes, with 2.5 minutes
post-time
Standard solutions of the phenol were first run in order to obtain quantitative information.
A calibration curve ofconcentration (mg/ml) vs. area (mAU's) was graphed (Figure 30).
























Figure 30 ; Standard calibration curve for o-amide phenol.
An equation from the linear data fit and area data collected from the samples can be used
to calculate the amount ofphenol cleaved offthe resin. When compared to theoretical
values, a quantitative percent
cleavage can be obtained. For 0.0306 grams of87% loaded
ArgoGelWang CI sample, an area of945.71
mAUs was determined byHPLC. This
converts to 0.0307 g phenol/ g resin as
compared to a theoretical value of0.0724 g
phenol/ g resin resulting in 42
% cleavage.
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concentration (mg/ml), x = area (mAU)}
y
= 0.001 (945.71) - 0.0005
y
= 0.0941 mg/ml
10 ml x (0.0941 mg/ml)
= 0.941 mg phenol
9.41 x lO^g phenol/ 0.0306 g resin
= 0.0307 g phenol/ g resin
Calculation for theoretical loading
(0.39 mmol/g resin) x (1/1000) x (213.25 g/mol ofphenol)
= 0.0832 g phenol/g resin
87% loaded: (0.87) x (0.0832)
= 0.0724 g phenol/g resin
Calculation for % Cleavage
(0.0307)/ (0.0724) x 100 %
= 42 % cleaved
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